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There has been significant interest generated by noble metal nanoparticles due to 
the fascinating properties they possess. The earliest and one of the most famous use f 
noble metal nanoparticles is the Lycurgus cup, discovered in 4th century AD which is 
ruby red in transmitted light and green in reflected light. Other notable areas where 
colloidal gold was used in the medieval times include stained glass windows, pottery and 
other paintings. Their unfading brilliant colors had been a source of mystery until 1857, 
when Micheal Faraday reported that these intense colors were due to the presence of gold 
nanoparticles1, and that the color displayed by these nanoparticles (NP) varied with the 
NP size. A theoretical solution to this phenomenon was given by Gustav Mie in 19082, 3, 
who accurately solved for the scattering and absorption cross sections of spherical 
nanoparticles using equations from Maxwell's electromagnetic theory. Subsequently, 
monolayers of metal nanoparticles have been extensively used in surface plasmon 
resonance (SPR) sensors4-6, surface-enhanced Raman scattering (SERS) substrates7, 8, and 
other plasmonic devices9-11. An interesting attribute of monolayers of metal nanoparticles 
(NP) synthesized on semiconductor substrates is the selective charging 
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induced by Fermi level difference. This charging can be tapped in self assmbly and the 
selective adsorption of ions on the NP12-14. Typically, NP charging is achieved using 
surfactant molecules15-17. In addition to causing signal interference, surfactants form a 
physical barrier between analyte and metal, attenuating or completely eliminating 
surface-enhanced effects. 
The present thesis work demonstrates the selective charging of silver 
nanoparticles (AgNP) synthesized on semiconductor substrates, exploiting the Fermi 
level differences. Clean, surfactant-free AgNP were synthesized using electroless 
reduction that involves the synthesis of NP by reduction of the metal salt solution by a 
semiconductor substrate18, and vapor deposition19-22. EFM performed on the AgNP 
confirms the presence of individually charged AgNP and its expected variation (polarity 
and magnitude) with the Fermi level difference. Apart from establishing te selective 
charging of the AgNP, this thesis work also demonstrates the use of the chargd, 
surfactant-free AgNP to perform charge-selective Raman scattering and fluorescence 
quenching for ionic analytes (fluorescein (-), rhodamine-6G (+) and acridine ora ge (+)). 
Furthermore, employing Atomic force microscopy (AFM) and optical absorption, it is 
established that the charging phenomenon plays an important role in self-inhibiting 
growth of Ag nanoparticles (AgNP) during chemical reduction. In particular, the 
positively charged AgNP do not coalesce despite a few nm interparticle spacing. 
Therefore, strong electromagnetic interactions between the particles develop, resulting in 
well resolved hybrid plasmon modes, probed by optical extinction. On the contrary, self-
inhibition does not occur with negatively charged AgNP, resulting in the loss of surface 
plasmon resonance. 
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The thesis is organized as follows. Chapter 2 deals with a brief background on 
localized surface plasmon resonance and the formation of hybrid plasmons in 
nanostructures, discussing their role in chemical and biomedical sensing and si nal 
enhancement, with particular impetus given to surface-enhanced Raman scattering. This 
Chapter also discusses the physics behind the charging mechanism of the AgNP. Chapter 
3 describes, in detail, all the synthesis and characterization methods and conditions used 
to obtain the data in this thesis work. Chapter 4 presents the results of the study. In 
particular, AgNP charging and its role in self-inhibiting growth and coalescence of AgNP 
during electroless deposition, and charge-selective SERS are extensively described, as 
well as its impact on fluorescence quenching. Finally, in Chapter 5, in addition to 












Localized plasmons in metal nanoparticles can be described as the coherent 
motion of the conduction electrons under the influence of an oscillating electric field. 
Applying the principles of free electron theory of metals, a nanoparticle can ssentially be 
treated as a bipartite system consisting of positively charged stationary atomic cores that 
are surrounded by free moving conduction electrons which possess an equal negative 
charge. When excited by an electromagnetic wave, the oscillating electric field causes the 
displacement of the conduction electrons which are subsequently restored to their 
equilibrium position due the Coulombic forces of attraction applied by the positively 
charged atomic cores. Therefore, these oscillations of the conduction electrons can be 
compared to a spring mass system whose resonance frequency ωresonance is given by 
M
k
resonace =ω  
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In the above equation, k is the effective force constant, and M is the mass of the 
electrons. However, if the frequency ω of the incident electric field is close, or equal to 
ωresonance, and the diameter of the nanoparticle D << λ,(wavelength of the incident field), 
the collective oscillations are maximized, leading to the formation of localized surface 
plasmon resonance(LSPR). This resonance results in strong coupling of incident radiation 
to the nanoparticle and electromagnetic field enhancements in its vicinity. 
Electromagnetic field enhancements orders of magnitude higher than those 
observed in isolated nanoparticles are observed in monolayers of closely-spaced 
nanoparticles due to the formation of hybrid plasmons. For monolayers of nanoparticles 
with average diameter D, and interparticle spacing d, if d/D << 1, then under the 
influence of an electromagnetic field, the surface plasmons of individual NP can interact 
via two different configurations. The first is the anti-bonding configuration, caused by the 
negative parity of the dipole moments (anti-symmetric). Since the net dipole mom nt for 
the anti-bonding configuration is minimal (zero for identical particles), their light-
coupling efficiency is drastically reduced, due to which they are referred as dark 
plasmons23. The second is the bonding configuration, caused by the positive parity of the 
dipole moments (symmetric electric fields). Since the net dipole moment for the above 
configuration is large, they couple efficiently with light, and are therefore referred as 
bright plasmons23. 
LSPR is sensitive to refractive index changes of the medium surrounding the NP, 
and this phenomenon is harnessed in sensing the presence of molecules, or variations in 
the concentrations of molecules around the NP, by measuring LSPR wavelength-shifts. In 
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addition, selectivity of LSPR sensors can be achieved by functionalizing the surface of 
the nanoparticle to detect the presence of only the molecules of specific interest. 
For example, using nanosphere lithography (NSL)24-26 to fabricate an array of 
triangular silver nanoparticles, Haes et al4 have employed LSPR in the detection of 
Alzheimer’s disease. It is believed that Alzheimer’s disease is caused by self assembly of 
oligomeric assemblies of amyloid-β (Aβ) into soluble oligomers called amyloid-derived 
diffusible ligands (ADDL). The binding constant of ADDL with anti-ADDL antibodies 
was determined utilizing LSPR spectroscopy (i.e., measuring the frequency shift in 
plasmon modes). Further, by functionalizing gold nanoparticles with anti-EGFR (anti-
epidermal growth factor receptor), and performing LSPR scattering and LSPR 
absorption, El-Sayed et al27 have reported the ability to distinguish between cancerous 
cells responsible for oral cancer, and non-cancerous cells.  
The phenomenon of LSPR results in intense field enhancement in the vicinity of 
silver and gold nanoparticles as their respective ωresonance occurs in the visible region of 
the electromagnetic spectrum28, enabling their use in Surface-enhanced Raman Scattering 
(SERS). Raman scattering by itself is an extremely inefficient process and its cross 
sections (10-30 cm2) are 14 orders of magnitude smaller than those of fluorescent dyes 
(10-16 cm2)29. However, effective Raman cross sections can be amplified by the field 
enhancement phenomenon displayed by noble metal nanostructures. The use of silver 
nanostructures in SERS was first reported by Fleischmann et al30. In their study, 
nanostructures obtained by chemically etching the surface of a silver electrode were 
responsible for the signal enhancement. This work was later corroborated in 197531,
where the electric field enhancement mechanism for SERS was postulated. Xu et al32 
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have demonstrated that single molecule SERS sensitivity can be achieved by the 
adsorption of an analyte at the junction between  two AgNP (dimer) that are separated by 
a distance of ≈ 1 nm. They estimate that using this configuration, enhancement factors of 
up to 2.5 × 1010 can be achieved that essentially renders the nanogap between the 
particles a “hot spot”. Results from various other studies have strengthened the theory 
that significant increase of SERS enhancement can be obtained by adsorbing an analyte 
in between closely spaced silver and gold nanostructures33-35.  
One of the earliest and most commonly used methods for synthesizing 
monodisperse metal nanoparticles stabilized in the form of a colloidal suspension is the 
citrate reduction method13, 36-38. Although this method produces nanoparticles with 
controllable size and aggregation, the nanoparticles are coated with the stabilizing agent 
(heavy citrate ions and chlorine ions that are negatively charged electrical double layers). 
This surfactant can interfere with the analyte’s signal as well as attenu e the 
electromagnetic enhancement or other surface-enhanced effects 
Other methods that have been used to prepare arrays of metal nanoparticles for 
electromagnetic field enhancement include E-beam lithography39, electrodeposition40 and 
laser ablation41, 42. For the present thesis work, AgNP were synthesized using electroless 
deposition, which involves the formation of monolayers of AgNP by immersion of 
semiconductor films/wafers in a metal salt solution. The metal salt solution is reduced by 







II.2) Metal on Semiconductor System  
 
 
When a metal thin film is in contact with a semiconductor, at thermodynamic 
equilibrium, the individual Fermi levels of the metal and the semiconductor must be 
equal. Therefore, a charge transfer occurs between the metal and semiconductor. The 
magnitude and polarity of the charge transfer depend on the relative positions of the 
Fermi levels of the semiconductor (depends on doping, i.e., p-type or n-type) and the 
metal43. The energy band diagrams for a thin film of silver in contact with an n-type Si 














Figure 2.1.  Energy band diagram for silver in contact with p-tye Si. 
 
 
In the case of p-type silicon, the addition of trivalent impurities (e.g., boron) trap 
valence electrons, creating empty valence states called holes, which cause the Fermi level 
EF to be shifted to a lower level (Figure 2.1). Therefore, when silver, whose Fermi level 
is at a relatively higher level, is in contact with p-Si, silver loses electrons causing it to 
become positively charged. 
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However, the donation of free electrons to the conduction band by pentavalent 
impurities (e.g., phosphorous) in n-type Si causes its Fermi level to shift to a higher level 
(Figure 2. 2). Therefore, when silver is in contact with n-type Si, since the Fermi level of 
n-Si is at a higher level, the resulting electron transfer from n-Si to silver causes silver to 












Figure 2.2.  Energy band diagram for silver in contact with n-type Si. 
 
The phenomenon of the selective charging of AgNP synthesized on p-type and n-
type Si can be explained through the principles discussed above. 
Further background information will be made available during discussion of the 








III. 1) Overview 
 
 
This chapter provides the processing and characterization details employed during 
the course of the present thesis work In this investigation, silver nanoparticles were 
synthesized on high conductivity p-type and n-type silicon wafers using two different 
techniques: 1). Electroless deposition, which involves the reduction of silver ions in a 
metal salt solution on silicon substrates, and 2) vapor deposition of silver on silicon 
wafers, followed by annealing. The synthesized nanoparticles were then characterized by 
atomic force microscopy (AFM), UV-Vis spectroscopy, Mie scattering, EFM, scanning 
electron microscopy (SEM), confocal laser scanning microscopy, and SERS, the details 
of which are disclosed below. 
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III. 2) Substrate Preparation 
 
 
The substrate on which the nanoparticles were synthesized was p-type and n-type 
silicon wafers obtained from ‘Silicon Quest International’. The p-type wafer had a 
diameter of 2”, a <1-0-0> orientation and its resistivity was ≈ 0.001 - 0.005 Ωcm, while 
the n-type wafer had a 4” diameter, a <1-1-1> orientation and its resistivity was < 0.005 
Ωcm.  
The wafers were first rinsed with isopropyl alcohol (IPA) and de-ionized (DI) 
water, and then blow dried with nitrogen (N2). The native oxide on the silicon wafers was 
removed by immersion in a 5% hydrofluoric acid (HF) solution for 10 minutes, followed 
by a de-ionized (DI) water rinse and N2 blow dry. 
 
 
III. 3) Nanoparticle Synthesis Using Electroless Deposition  
 
 
Silver nanoparticles were synthesized as illustrated in Figure 3.1. The diced 
wafers (1 cm × 1 cm) were immersed in 0.002 M AgNO3 + 0.1% HF solution for 60 s. 
The redox reaction was terminated by immersion of the wafers in DI water. AgNP are 
formed by a simple redox reaction involving the reduction of Ag+ ions in the AgNO3 by 
the silicon. HF is primarily used in the electroless deposition technique to continuously 
etch away the silicon oxide on the wafer that would otherwise form a barrier and impe e 
silver’s nucleation (i.e., redox reactions). 
One limitation of EFM is its inability to resolve the potential profile of clsely 
spaced (i.e., ≈ 50 nm or less) nanoparticles. To overcome this drawback, HF was not 
mixed in AgNO3. Therefore, for characterization by EFM, the AgNP were reduced by 
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immersion of wafers in 0.02 M AgNO3 solution for 10 s. In the absence of HF, nucleation 
was observed to be suppressed significantly. Similarly, gold nanoparticles (AuNP) 
conducive for EFM characterization were synthesized on n-type Si by immersion in 0.02 







Figure 3.1.  Sketch illustrating electroless reduction of silver nanoparticles on the silicon substrate. 
 
 
III. 4) Nanoparticle Synthesis Using Vapor Deposition  
 
 
For the physical vapor deposition (PVD) of silver, a Cressington 208C Vacuum 
Deposition System was utilized. The silver depositions were carried out at a base pres ure 
of 4.5×10-5 mBar. Silver was thermally evaporated using a tungsten wire basket (wir 
diameter = 0.20 inches). The deposition rate was measured with a piezo-electric quartz 
crystal monitor. When the deposition rate was stabilized to 1 Å/s, the shutter covering th  
silicon wafers was opened, starting the deposition process. On depositing the requir d 
thickness of the silver film, 0.8 nm, the shutter was immediately closed, the electric 
current was gradually reduced, and the system was cooled down in vacuum, before being 
vented. 
After the venting process, the wafers were blow dried with N2 to remove any dust 
particles, and then placed on a hot plate maintained at 300°C for 5 min. The annealing 
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step was employed so that the thin irregular silver film deposited re-structures to 
monodisperse AgNP. The basic schematic of a vapor deposition system is illustrated 


















Figure 3.2.  Illustration of the physical vapor deposition process. 
 
 
III.5) Atomic Force Microscopy 
 
 
The topography scans of the silver nanoparticles synthesized on the silicon wafers 
were performed using a Veeco Multimode V Scanning Probe Microscope, operated in th  
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TappingModeTM setting. The silicon wafers were stuck on a metal stub using a double 
sided sticky tape. The height measurements on the silicon substrates were obtain d using 
a NSC 18 probe manufactured by ‘MikroMasch’.  
In obtaining clear AFM images, the cantilever and tip characteristics play a 
crucial role. For AFM, we used tips whose radius was 10 nm, with an aspect ratio greater
than 3:1 and having a height of 15 µm. The scans were performed using a scan window 
area of 2 µm × 2 µm with a scan rate of 1 Hz. In order to obtain an image of good 
resolution, we used 256 sampling points per line.  
 
 
III. 6) Electric Force Microscopy  
 
 
EFM has established itself as a powerful non-destructive tool to characterize th  
electrostatic force characteristics of nanosized structures44-49. Over the years, EFM has 
successfully performed characterizations on a variety of electrostatic phenomena such as 
surface potential50 and doping concentration in semiconductors51. In addition, EFM has 
been used in more specific cases, some of which include imaging the voltage 
characteristics of working microelectronic devices and in charge injection and detection 
of localized charge in nanostructures52. Furthermore, EFM has also extended to study the 
charge transport mechanisms in single NP embedded in insulating thin films53-55. 
EFM is essentially a modified atomic force microscope that, in addition to 
mapping height profiles of nanostructures, also can map out electrical properties of th  
nanostructure being studied. In a conventional AFM, the height profile is obtained eith r 
by a stationary or oscillating cantilever with a tip that is scanned over the nanostructure. 
In the case of the stationary cantilever, the force between the sample and tip is always 
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kept constant as the tip is scanned over the sample, and the presence of an object in the 
tips’ path causes it to be lifted to a certain height which is proportional to establishing the 
constant force between the tip and sample. For the oscillating cantilever however, th  
presence of an object in the path of the scan changes the oscillating frequency of the 
cantilever. To restore the cantilever to its resonant frequency, the tip is lifted to a 
proportional height, which in the process characterizes the height of the object being 
scanned. In an EFM, after the height profile of the sample in a particular scan is acqu red, 
a modified conductive tip, which is lifted to a certain height above the sample (100 nm), 
is scanned over the sample retracing the path generated during the AFM height scan. The 
lifted probe interacts with the sample through long-range Coulomb forces. This implies 
that any variations in the electrical characteristics (surface charge) in the sample are 
picked up by the oscillating cantilever with the conductive tip, which alters its o cillating 
frequency. The subsequent change made to restore the cantilever to its resonant 
frequency results in the electrical mapping of the sample. 
Electric potential 100 nm above the surface of the synthesized nanoparticles (with 
respect to the high conductivity silicon wafer) was mapped using electric force 
microscopy (EFM). For EFM, a Veeco Multimode V Scanning Probe Microscope was 
used, fitted with a platinum coated NSC18 probe manufactured by MikroMasch. After 
aligning the tip, a window area of 2 µm × 2 µm was scanned, with a scan rate of 2 Hz, 








III. 7) Scanning Electron Microscopy  
 
 
The vapor deposited AgNP were imaged using a FEI Quanta 600 Scanning 
Electron Microscope. Since the samples being scanned were AgNP synthesized on high 
conductivity silicon wafers, charging effects were minimum that allowed a sufficiently 
high accelerating voltage (20 kV), with a working distance of 9.9 mm.  
 
 
III. 8) Surface–enhanced Raman Spectroscopy 
 
 
In order to explore the behavior of the charged AgNP on silicon wafers as SERS 
substrates, known concentrations of two ionic analytes, i.e., acridine orange (AO), a 
positively charged fluorophore, and fluorescein (F), a negatively charged fluorophore 
were used as analytes. Figure 3.3 shows the general schematic of Raman data collection 
mechanism. In particular, for our data acquisition, a WITec alpha300 M Raman system 
was used. 
1 µL aliquots of AO (1.3 × 10-6 M) and F (1 × 10-7 M) were spotted on the 
vacuum deposited AgNP on the p-type and n-type silicon wafers. Using a 20× lens the 
laser was manually focused at the aliquot/substrate interface. The analyte w s excited by 
an Ar+ ion laser, at a wavelength of 532 nm, whose incident excitation power was 










Figure 3.3.  Demonstration of laser exposure of analyte and SERS data collection.  
(Courtesy: Dr. Kaan Kalkan). 
 
 
III.9) Confocal Laser Scanning Microscopy 
 
 
Further investigation of the charging of the AgNP was conducted by 
photoluminescence measurements. Confocal laser scanning microscopy scans of F and 
rhodamine-6G (R6G), a positively charged fluorophore, spotted on AgNP deposited on 
the p-type and n-type silicon wafers were performed, using a Leica TCS SP2 Confocal 
Microscope System. This system was fitted with a Leica DM E14 upright microscope 
with a 10× objective lens. 1 µl aliquots of F (1 × 10-7 M) and R6G (1 × 10-8 M) was 
spotted on the AgNP deposited on the respective silicon wafers. R6G was excited using a 
514 nm Ar+ laser, and F was excited using a 488 nm Ar+ laser for resonant excitation of 








III.10) UV-Vis Spectroscopy 
 
 
Time series optical extinction of AgNP was acquired in real time during 
electroless reduction using a StellarNet EPP 2000Cs UV-Vis spectrophotometer fitted 
with a CCD detector. For this investigation, amorphous silicon films deposited on 
transparent glass substrates were used as the reducing agent. The semitransparent films 
enabled the UV-Vis optical transmission measurements from which extinction was 
derived. Extinction can be expressed as, 
Extinction = - log (Transmission) 
The amorphous Si films were prepared by chemical vapor deposition (Penn State 
MCL). H2 diluted silane (H2:SiH4) (20.8:1) was employed as the precursor. The 
deposition was carried out at a substrate temperature of 120 ºC and a power of 120 Watts. 
The pressure was maintained at 5 Torr and the deposition time was 60 s. 
The amorphous silicon thin film has a relatively lower Fermi level, similar to p-
type Si. After dicing the Si film to the required size (0.5 cm × 2 cm), it was inserted into 
the PMMA optical cell and fixed in place using a steel spring. In order to obtain the 
optical extinction measurements of the AgNP, the extinction of silicon substrate without 
nanoparticles was subtracted from the extinction of silicon substrate with nanoparticles. 
The subtraction was carried out by the Spectrawiz software that is bundled with the 
optical spectrometer. The in-situ monitoring of the AgNP synthesis kinetics was initi ted 
by introducing 0.002 M AgNO3 + 0.1% HF into the PMMA optical cell containing the Si 
film, and episodically capturing the optical extinction spectra of the synthesized AgNP in 
2 s intervals (computer time). In order to maximize the signal to noise ratio, the de ector 
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integration time was set at 75 ms, and 2 scans were averaged per episode.  The total
duration of the episodic capture was measured to be 136 real seconds (120 intervals). 
 
 
III.11) Mie-Scattering Measurements 
 
 
Mie scattering of the AgNP synthesized on p-type and n-type silicon was 
measured using a Renishaw RM 1000 Raman system. The AgNP were synthesized using 
electroless reduction as mentioned in Section III.3. Tungsten halogen illumination was 
focused on the AgNP using a 20× lens, which also collected the scattered radiation in the 
backscattering geometry. The scattered intensity is computed using quartz as the 
reference. Backscattering from quartz is essentially specular reflectance, which is close to 
constant at ~ 6 % in the entire visible range. To perform backscattered measurements, a 
150 lines/mm grating was used, and the integration time was set at 100 s. Although the 
integration times were set at the same in these measurements, the illumination i tensity 






RESULTS & DISCUSSIONS 
 
IV.1.) EFM Characterization and Nanoparticle Charging 
 
 
Figure 4.1 (a) shows a representative 3D AFM height map of silver nanoparticles 
synthesized on p-type Si. Here, due to inability of EFM to resolve closely spaced 
nanostructures less than 50 nm, AgNP with sufficient interparticle separation were 
synthesized by immersion of Si in pure AgNO3 solution for 10 s, as described in Chapter 
3. During a typical electroless reduction process, HF is mixed in the AgNO3 solution to 
continuously etch the oxide that forms on the surface of the silicon. This silicon oxide 
layer is the product of the oxidation reaction and it prevents further nucleation once a 
conformal layer forms. Therefore, the lack of HF in the AgNO3 solution leads to limited 
nucleation and formation of well-separated (average particle separation dista ce ≈ 500 
nm) but larger (average particle size ≈ 120 nm) AgNP, which could be successfully 







Figure 4.1.  (a) 3D view of an AFM height map of AgNP deposited on p-type Si (operated in 
TappingModeTM) (b) Corresponding 3D view of the EFM potential map.  
 
 
In Figure 4.1 (b), the corresponding electric potential map of AgNP is shown at 
100 nm above the surface. Here, the protrusions clearly indicate that the AgNP 
synthesized on p-type Si are positively charged. This positive charge is induced by Fermi 
level difference between silver and p-type Si. For AgNP synthesized on for p- type 
silicon, the Fermi level of silver is at a higher energy than that of p-Si, causng AgNP to 




4.3 eV. For heavily-doped p-Si, Fermi level is expected to be at about the valence band 
edge, which is 5.15 eV below vacuum level resulting in a Fermi level difference of (∆EF) 
≈ 0.85 eV43, 56, 57.  
To further elucidate the impact of Fermi level difference on nanoparticle 
charging, AgNP were synthesized on n-type Si incorporating the same synthesis 
parameters used for synthesizing AgNP on p-type Si. Similarly, Figure 4.2 (a) shows a 
representative 3D height map of AgNP synthesized on n-type Si. As observed, immersing 
n-type Si in 0.02 M AgNO3 for 10 s yields well-spaced AgNP (average size ≈ 14 nm, and 
average interparticle separation distance ≈ 200 nm), suitable for EFM characterization.  
Figure 4.2 (b) depicts the corresponding electric potential map where the EFM 
scan was again conducted 100 nm above the surface. This time, depressions are observed 
which are indicative of negatively charged AgNP. Similar to the case of positively 
charged AgNP, the negative charge acquired by AgNP is also attributed to the Fermi 
level difference. However, the Fermi level of silver is lower than the Fermi l vel of 
heavily doped n-Si. Consequently, thermodynamic equilibrium is established by electron 
transfer from latter to former causing AgNP to acquire a negative charge. For heavily-
doped n-Si, the Fermi level is expected to be at about the conduction band edge, which is 
4.05 eV below the vacuum level Hence, the Fermi level difference between silver and n-












Figure 4.2.  (a) 3D view of an AFM height map of AgNP deposited on n-type Si (operated in 
TappingModeTM), (b) Corresponding 3D view of the EFM potential map. 
 
 
In order to establish that the Fermi level difference induced selective charging can 
also be extended to other metal NP on semiconductor systems, EFM was performed on 








Figure 4.3.  3D view of an EFM potential map for AuNP synthesized on n-type Si. 
 
 
Depressions in the electric potential map of AuNP synthesized on n-Si (Figure 
4.3) confirm the presence of negatively charged AuNP. Owing to Fermi level difference 
between gold58 (EF ≈ 5.3 eV below vacuum level) and n-Si (EF ≈ 4.05 eV below vacuum 
level), electrons flow from n-Si (higher Fermi level), to the gold nanoparticles (lower 
Fermi level) upon contact. This causes the AuNP to acquire a negative charge (∆EF ≈ -
1.25 eV). 
Furthermore, in either positively or negatively charged metal NP, the underlying 
substrate (Si) region is oppositely charged. The resulting Coulombic attraction is 










IV.2) Nanoparticle Size v/s Potential 
 
 
Size v/s potential analysis performed for individual AgNP on Si revealed a 
monotonous relationship. The analysis was carried out using the Nanoscope 7.20 
software integrated with the Veeco AFM. The results for positively and negativ ly 
charged AgNP are displayed in Figures 4.4 a and b, respectively. Here, the AgNP electric 
potential is measured at 100 nm away from the surface and corresponds to the center of 
the particle’s projection on the xy plane. 
It is observed that the magnitude of AgNP potential (100 nm away from the 
surface) increases with increasing size. To better understand the relationship, a simple 
model was constructed. Assuming that for a charged nanoparticle, the majority of the 
charge accumulates at the interface with silicon, the opposite charge layer couple at the 
Ag/Si interface behaves as a dipole.  
For p-Si, having a resistivity of 0.005 Ωcm, the value of the doping density ND is 
calculated to be ~ 3 × 1018 cm-3using the relation 
( ) 1−= ρµPD qN         (4.1) 
where, 
q = electron charge (1.6 × 10-19 C) 
µP = Hole Mobility (440 cm2 V-1 s-1) 













       (4.2) 
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Where,  
εs is the permittivity of the semiconductor substrate 
V = ∆EF, which is the Fermi level difference 
 
However, EFM measures the potential of the NP at a height 100 nm above the 
surface of the NP having a height of R. Then, for a dipole, and at a point L = 100 nm 









πε       (4.3) 
where, W/2 is the dipole separation distance, while the center of the dipole is 
approximated to be at the interface. 
For a NP of hemispherical shape having a height (radius) equal to R, Q can be 
calculated as  
)( 2RWeNQ d π=        (4.4)  
From equations 4.3 and 4.4, the potential of a nanoparticle synthesized on a doped 
semiconductor substrate, at a point 100 nm away from the surface of the nanoparticle can 








       (4.5) 
Where, A is the appropriate constant. 
Using the above equation, and from the values obtained using EFM, A is obtained 
by the minimization of the square error. The calculated values for A f r AgNP 
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synthesized on p-type Si (AP) and n-type Si (AN) was 36.51 and 18.52 respectively. The 
fits are represented by the red lines on the respective plots. In the case of negatively 
charged AgNP (Figure 4.4(a)), the potential of the AgNP is low enough to be 
significantly affected by initial calibration error in the EFM in terms of a constant 
baseline. Accordingly, a baseline of 3.5 × 10-4 V is subtracted from the measured values 
of AgNP potential for the best fit. 








































Figure 4.4.  Graph illustrating the relation between nanoparticle size and potential with the calculated fit 
for AgNP synthesized on (a) n-type Si (baseline subtracted), and (b) p-type Si. 
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The data in Figure 4.4(b) show that the potential of the AgNP tends to saturate 
with the increasing size of the NP. For negatively charged AgNP however (Figu e 
4.4(a)), the size of the AgNP and their corresponding potential is an order of magnitude 
less than those observed for positively charged AgNP. Owing to this disparity, the fit 
obtained for negatively charged AgNP is in the linear regime of the fit obtained for 
positively charged AgNP, and thus does not show saturation.  
The above described mathematical model tries to provide a basic understanding of 
the relation between NP size and its potential. As the data obtained from EFM is the 
potential of the AgNP at a distance of L=100 nm above the surface of the AgNP, the 
mathematical analysis was performed accordingly. However, in equation 4.5, if L=0 (i.e., 
at the surface of the AgNP), the theoretical value of the potential remains constant for all 
sizes of AgNP.  
This discrepancy sources from the simplicity of the dipole model, which neglects 
the 3D geometry and assumes all metal charge is located at the interface. On the other 
hand, in a metal all internal fields must be essentially zero at equilibrium. Hence, by 
Gauss law, the charge density inside the metal is also zero. Accordingly, a surface charge 
distribution on the metal is necessary to counterbalance the field created by the interface 
dipole. Effectively, this surface charge increases the dipole separation. Therefore, the 
dipole separation does not equal W/2 and it is a function of size of the nanoparticle, R. 
















d0 is a constant, and f(R) is the correction for dipole separation which varies with 
the NP size (R). 
Therefore, at the surface of the NP, L = 0, and equation 4.6 reduces to 
))(( 0 RfdAS +=Φ       (4.7)  
Equation 4.7 gives the approximate theoretical variation of the surface potential of 




IV.3) Impact of NP charging: Self-Inhibition of AgNP 
Coalescence (Electroless deposition) 
 
 
The episodic monitoring of the electroless reduction of AgNP on a hydrogenated 
amorphous silicon film (a-Si:H) is shown in Figure 4.5 in terms of optical extinction. 
Each episode is captured at intervals of 2 s, beginning from the time of the introduction 
of the metal salt solution (0.002 M AgNO3, + 0.1% HF) into the optical PMMA cell 
enclosing the a-Si:H film on glass substrate. The spectra were captured for a total time 
period of 136 s. As the reaction proceeds, the height of the regular plasmon and the 
hybrid plasmon peaks gradually increase, indicating the strengthening of LSPR. 
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Also evident in Figure 4.5, is the relative shifts of the peak positions of both, 
regular and hybrid plasmon peaks. The normal plasmon peak shifts from an initial 
position of 386 nm to a position of 402 nm at saturation, a total red shift of 16 nm. 
Similarly, the hybrid plasmon peak shifts from an initial position of 490 nm to 512 nm at 
saturation, a shift of 22 nm. These shifts are represented in the waterfall plot of the 









Figure 4.6.  3D waterfall plot of the episodic capture of synthesis of AgNP on high band gap amorphous 
Si. The relative shifts of the regular and hybrid plasmon peaks are also represented. 
 
 
The red-shift of the regular plasmon peak indicates an increase in average AgNP 
size during growth, as expected. Furthermore, the red-shift of the hybrid plasmon peak 
indicates an increase in interparticle electromagnetic interaction (i.e., hybridization), 
which is attributable to increased size as well as reduced interparticle separation. The 
presence of the hybrid plasmon peak even at saturation confirms that: although the 
particles grow, they never coalesce, thereby sustaining the LSPR. This phenomeno  can 
be attributed to the charging of the individual AgNP. Compared to silver, the Fermi level 
of the intrinsic a-Si:H film is at a lower energy: a case similar to that with p-type silicon. 
Typically, a-Si:H has a higher bandgap of ~1.8 eV. Hence, the Fermi level for the 
intrinsic material should be at the midgap. Namely, it is estimated to be ~ 4.9 eV below 
the vacuum level. Therefore, the AgNP lose electrons to Si, and are expected to acquire a 
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positive charge (Section IV.1). This positive charging of the AgNP leads to self -
inhibiting growth of AgNP synthesized using electroless deposition.  
The self inhibition due to NP charging can be explained using a Pourbaix diagram 
of the reduction reaction, shown in Figure 4.7. The x-axis represents the pH of the 
reaction, for which the reduction reaction has no dependence. The y-axis represents the 
voltage externally applied on the reaction. As mentioned in Section III.3, AgNP are 
formed by the reduction of Ag+ by silicon (i.e., Ag+ + e– → Ag). The solid horizontal line 
in the Pourbaix diagram represents this reduction reaction in equilibrium with the 
external voltage at which the net reduction (AgNP synthesis) is stopped. The reduction 
occurs below the line, and is reversed to oxidation above the line. 
In the case of positively charged AgNP, nanoparticle growth causes an increase in 
NP potential. On sufficient growth of the AgNP, like charges between the AgNP and the 
deposition ions Ag+ cause the repulsion of silver ions. This reduction in [Ag+] lowers the 




Therefore the reduction potential of the reaction is reduced, or the solid line of the 
Pourbaix diagram shifts down. Furthermore, as the particles grow bigger, due to the 
increasing potential of the AgNP, the nanoparticle voltage applied on the reaction (V) 
increases, as represented by the dashed line in Figure 4.7. Once the nanoparticle voltage 







the reaction voltage) balance each other out, resulting in the self-inhibition of the 
reaction. 
For negatively charged AgNP however, the opposite charges between the AgNP 
(-) and deposition ions Ag+, cause the reaction to proceed without any impediment (i.e., 
the reduction potential increases). Additionally, the negative charge on the AgNP lowers 
the nanoparticle voltage applied on the reaction. Hence, the two opposing forces never 
coincide and counterbalance each other. Namely, the solid line and the dashed line in the 
Pourbaix diagram diverge. As a result, the reduction reaction proceeds until the 
individual AgNP coalesce. 
Ag+ + e- Ag






Figure 4.7.  Schematic of effect of nanoparticle charging on the reduction reaction. 
 
 
The effect of self-inhibition of the reduction reaction was established by 
performing AFM on AgNP synthesized on p-type and n-type Si. AgNP were synthesized 






Figure 4.8.  AFM height maps of silver nanoparticles synthesized on (a) p-type silicon and (b) n-type 
silicon. The scans confirm the difference in the morph logy and density of the synthesized AgNP on both 
the wafers, despite keeping the exact synthesis parameters. 
 
 
Figure 4.8 (a) shows an AFM height scan of AgNP synthesized on p-type Si. As
explained above, since the AgNP are positively charged, the reaction is self inhibited 
with the presence of relatively large AgNP (~ 40 nm) that do not coalesce. Howver, for 
AgNP synthesized on n-type Si, (Figure 4.8(b)) smaller AgNP (~10 nm) are observed 
that display no interparticle separation, confirming the role of AgNP charging on the self 
inhibiting coalescence of AgNP synthesized using electroless deposition. 
As evidenced from Figure 4.8(a, b), employing electroless reduction results in a 
distinct difference in the size and morphology of AgNP synthesized on p-type and n-type 
Si. Due to self-inhibition of AgNP coalescence, positively charged AgNP display 
interparticle separation (few nm), which should result in LSPR. In contrast, negatively 
charged AgNP coalesce with each other. As a result, LSPR is expected to be lost. This 
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postulated difference in LSPR between AgNP synthesized on p-type and n-type Si was 
confirmed by Mie-scattering. 
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Figure 4.9.  Back-scattered measurements showing SPR of AgNP deposit d on p-type Si (black) and n-
type Si (red). 
 
 
Figure 4.9 clearly confirms the expected difference in LSPR of positively and 
negatively charged AgNP synthesized using electroless reduction. For AgNP synthesized 
on p-Si, a clear, well resolved plasmon peak is observed at ~ 510 nm. However, for 
negatively charged AgNP, due to nanoparticle coalescence, the LSPR does not develop.
These measurement results lead to the conclusion that owing to the selective 
charging of the AgNP, while employing electroless reduction, only positively charged 
metal NP reduced on a semiconductor (i.e., Fermi level of the metal is higher than the 
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Another important motivation of this work has been to harness this selective 
charging of the nanoparticles in fabricating charge-selective SERS substrates. Since 
SERS is affected by the morphology of the substrates, the difference in morphologies f 
the AgNP synthesized by electroless reduction makes the comparison of positively 
charged and negatively charged AgNP as charge-selective SERS substrates difficult. 
To overcome the issue of dissimilar morphologies of AgNP synthesized on p-type 
and n-type Si, and to further explicate the effect of nanoparticle charging in SERS, AgNP 
were synthesized on Si using vapor deposition. The morphology of the vapor deposited 










Figure 4.10.  SEM micrograph of vapor deposited AgNP on (a) n-type Si, and (b) p type Si. 
 
 
The SEM scan of vapor deposited AgNP on n-type Si, as shown in Figure 4.10 
(a), confirms the presence of monodisperse AgNP, with an average particle size of ~ 20 
nm. AgNP vapor deposited on p-type Si display a similar morphology to those 
synthesized on n-type Si, having an average particle size of ~ 20 nm (Figure 4.10 (b)). 
The similar morphologies, coupled with selective charging of the AgNP enables the 
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comparison of the vapor deposited AgNP on the p-type and n-type Si as charge-selective 
SERS substrates. 
Figure 4.11 shows a SERS spectra acquired from 1 × 10-7 M fluorescein7 (F) 
spotted on p-type silicon (black curve), and 1 × 10-7 M F spotted on n-type silicon (red 
curve). F is a negatively charged fluorophore, with an absorption maximum at 494 nm 
and emission maximum of 521 nm. It is hypothesized that owing to Coulombic 
interaction between the analyte and charged substrates, negatively charged fluorescein 
molecules would be strongly adsorbed on the surface of the positively charged AgNP, 
than negatively charged AgNP. 
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SERS spectra observed in Figure 4.11 confirm this prediction of positively 
charged AgNP being selective SERS substrates for F. In both cases, the acquisition 
parameters were kept the same (Section III.8). Obviously, for F spotted on positively 
charged AgNP, distinct Raman peaks for fluorescein are observed, as compared to 
absence of peaks for F spotted on AgNP deposited on n-type silicon. This is due to the 
presence of NP charge, that either strongly attracts, or repels the analyt  molecules. In 
this particular case, positively charged AgNP attract the negatively charged F ions to its 
surface due to Coulombic forces of attraction, which results in the signal enhancement. In 
contrast, negatively charged AgNP repel the F molecules, keeping them away from the 
vicinity of the nanoparticle that is associated with high SERS gains, resulting in the 
disappearance of Raman peaks. It should be noted here, that the broad peak at ~ 950 cm-1 
observed in the red spectrum is the second order Raman scattering peak of silicon59, and 
is not indicative of the Raman scattering signal of the analyte (fluorescein). Figures 4.12 
and 4.13 illustrate the schematic of fluorescein molecules getting attracted to or repelled 






























Figure 4.13.  Schematic of fluorescein molecules getting repelled away from negatively charged AgNP. 
 
 
To further establish the impact of nanoparticle charging on SERS, acridine orange 
(AO)60, a positively charged fluorophore, was spotted on positively and negatively 
charged AgNP, and SERS was performed. AO was chosen as an analyte for SERS as its 
absorption maximum at 488 nm and emission maximum at 526 nm is similar to that of 
fluorescein, but is opposite in charge. 
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Figure 4.14.  SERS spectra of 1 µl of acridine orange (1.3 ×10-6 M) spotted on p-type silicon (black) and n-
type silicon (red). 
 
 
Figure 4.14 displays the SERS spectra acquired from AO (1.3 × 10-6 M) spotted 
on negatively charged AgNP (black curve), and positively charged AgNP (red curve). 
When spotted on negatively charged AgNP, AO being positively charged binds more 
strongly on the surface of the AgNP, leading to the formation of distinct Raman peaks 
(red curve). However, when spotted on positively charged AgNP, due to Coulombic 












To further elucidate the charging of the AgNP, confocal laser scanning 
microscopy of charged fluorophores spotted on charged AgNP was performed. Under the 
influence of incident electromagnetic radiation, the electrons of the fluoroph e 
molecules undergo transitions to higher energy states. When the electrons return to their 
original states (i.e., after ns), the excess energy can be re-emitted (from the absorption 
event) in the form of photons which, thus resulting in fluorescence. However, the lifeime 
and quantum yield of the fluorescence is influenced by two primary factors; 1) radiative 
decay due to photon emission and 2) non-radiative decay due to energy dissipation to the 
surrounding environment. The fluorescing properties of molecular fluorophores in cloe 
proximity to metal NP are affected due to the strong electromagnetic field generated 
around the surface of the metal NP. Fluorophores that are very close to surface of the 
metal nanoparticle (i.e., < 5 nm) may interact electronically with the NP to donate the 
excited electrons to the metal, thus quenching the fluorescence by non-radiative ch nn ls 
available in the metal nanoparticle61-65. On the other hand, when there is no electron 
transfer, two opposite events can occur. Either fluorescence quenching takes place due to 
radiative energy (i.e., photon) transfer to the NP from the fluorophore. In this case, the 
photon energy is dissipated into heat in the metal through conduction electron collisions. 
Or, enhancement in fluorescence will be observed in the absence of radiative energy 
transfer due to enhanced near field distributions in the vicinity of the particle surface. 
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Figure 4.15 (a) shows a confocal microscopy image of 1 µl aliquots of fluorescein 
(1 × 10-7 M) spotted on positively charged AgNP. As mentioned previously, being 
negatively charged, F molecules get attracted to positively charged AgNP, resulting in an 
increased adsorption of F molecules on the surface of the AgNP, which causes the 
fluorescence to be quenched due the non-radiative electron transfer between F mol cules 
and the AgNP. In Figure 4.15 (b) however, it can be observed that when 1 µl aliquotof 
fluorescein (1 × 10-7 M) was spotted on AgNP deposited on n-type Si, like charges 
between negatively charged F and AgNP cause the repellence of F molecules, in reasing 
the concentration of F molecules in solution, leading to increased fluorescence. 
To further elucidate the impact of NP charge on fluorescence quenching, a 
positively charged fluorophore, rhodamine-6G (R6G) was also employed. In the case of 
positively charged AgNP, the R6G molecules get repelled away from the AgNP, leading 
to an increase in the concentration of freely suspended R6G molecules in solution, 
resulting in the high fluorescence as seen in Figure 4.15 (c). On the contrary, when R6G 
is spotted on negatively charged AgNP, the dissimilar charges between the AgNP and the 
R6G molecules cause the R6G molecules to get adsorbed on the surface of the AgNP, 







Figure 4.15.  Confocal microscopy images of 1 µl of fluorescein (1 × 10-7 M) spotted on AgNP deposited 




The schematic of R6G molecules getting attracted to negatively charged AgNP 






























Based on the results obtained in this thesis, the following conclusions are drawn: 
1. Surfactant-free silver nanoparticles synthesized on semiconductor 
substrates (p-type and n-type Si) display charging, which is induced by the 
Fermi level difference. This charging can successfully be characterized by 
EFM. 
2. As confirmed by EFM, the magnitude and polarity of NP charging can be 
controlled by varying the Fermi level difference between the metal and 
semiconductor. 
3. It is established from AFM, optical extinction, and Mie scattering that the 
positively charged AgNP do not coalesce during electroless reduction 
despite a few nm interparticle spacing. In other words, the growth is self-
inhibiting. As a result, strong electromagnetic interaction develops in 
between AgNP. Equivalently, plasmon hybridization occurs between the 
AgNP, identified by a well-resolved optical extinction peak. In contrast, 
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self-inhibiting growth is not observed for the negatively charged AgNP, 
resulting in coalescence. We explain these findings by an electrochemical 
model. As a positively-charged AgNP grows, the increasing electric 
potential on its surface leads to two consequences. First, the [Ag+] in the 
vicinity of the AgNP is reduced due to Coulombic repulsion. By Nernst’s 
Equation, this reduction in [Ag+] results in decrease of the reduction 
potential of the reaction Ag+ + e– → Ag. Second, the voltage (electric 
potential) on the AgNP increases and starts to compete with the above 
reaction for the reducing electron. When the reduction potential and 
nanoparticle voltage coincide, the net reduction stops. These effects are 
expected to be pronounced at the clearance between the neighboring 
AgNP where the electric potential is maximized due to superposition. 
Therefore, the self-inhibition of growth ultimately occurs, when the 
interparticle separation narrows down to a few nm, if not earlier. On the 
other hand, with growing negatively-charged AgNP, everything proceeds 
in the opposite direction. The reduction potential increases while the 
nanoparticle voltage decreases. Hence, the two competing impetus never 
coincide and counterbalance each other. As a result, the reduction reaction 
never stops until coalescence. 
4. The practical conclusion, which draws from (3) is that only positively-
charged metal nanoparticles reduced on a semiconductor (i.e., when the 
Fermi level of the metal is higher than that of the semiconductor) display 
localized surface plasmon resonance, and can be used as SPR sensors / 
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SERS substrates. Again, this conclusion is drawn for the electroless 
reduction. 
 
5. The charged and surfactant-free AgNP serve as charge-selective SERS 
substrates for ions as demonstrated for fluorescein (-) and acridine orange 
(+). SERS is not detectable if the analyte and the AgNP charge are both 
positive or both negative. We attribute the absence of SERS signal to 
Coulombic repulsion between the nanoparticles and the analyte keeping 
the analyte off the near field regions around the nanoparticle associated 
with high SERS gains. In contrast, high signal to noise SERS signal is 
obtained when the AgNP and the analyte are oppositely charged. In this 
case, Coulombic attraction ensures adsorption of the analyte molecule on 
the NP surface and its excitation by the intense near fields. 
6. Charged metal NP also account for charge-selective fluorescence 
quenching of ionic fluorophores (e.g., fluorescein (-), and rhodamine-6G 
(+)). Owing to Coulombic attraction, fluorescence quenching is only 
observed for oppositely charged AgNP and fluorophores. 
 
 
V.2) Future Work 
 
 
The mathematical analysis described in Section IV.2 is a simple one dimensional 
model that tries to explain the variation of the electric potential of a charged NP as a 
function of its size. The equation that accurately governs the electric potential distribution 







ф is the potential, 
ρ is the charge density 
ε is the permittivity 
This equation must be solved through the whole space-charge region including 
both, the semiconductor, and the metal. The charge density in the semiconductor and the 
metal can still be regarded as eND  and zero respectively. The solution obtained by 
applying the relevant boundary conditions and using appropriate numerical methods 
would reveal a better understanding of the effect of NP size on its charge and electric 
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Scope and Method of Study:  
An interesting attribute of monolayers of metal nanoparticles (NP) synthesized on 
semiconductor substrates is charging of NP induced by Fermi level difference. In this 
study, silver nanoparticles (AgNP) were synthesized on high conductivity Si wafers (p- 
and n-Si) employing the electroless reduction of AgNO3 by Si, as well as vapor 
deposition. Electric force microscopy (EFM) confirms the presence of NP charge and its 
expected variation (polarity and magnitude) with the Fermi level differenc. Furthermore, 
Atomic force microscopy (AFM), optical absorption, and Mie scattering was performed 
to study the impact of this charging phenomenon on self-inhibiting growth and 
coalescence of AgNP during chemical reduction. The present work demonstrates that this 
selective charging of the AgNP can be exploited in charge-selective Raman scattering 
and fluorescence quenching of ionic fluorophores (fluorescein (-), rhodamine-6G (+) and 
acridine orange (+)). 
 
Findings and Conclusions: 
Owing to Fermi level differences, AgNP synthesized on p-Si acquire a positive charge, 
while AgNP synthesized on n-Si acquire a negative charge. The polarity and magitude 
of the acquired charge can be controlled by varying the Fermi level difference. Owing to 
the selective charging, during electroless deposition, positively charged A NP display 
self-inhibiting growth and do not coalesce despite a few nm interparticle spacing, leading 
to strong electromagnetic interactions between the AgNP. As a result, well resolved 
hybrid plasmon modes develop, enabling the use of positively charged AgNP as SPR
sensors / SERS substrates. In contrast, self-inhibition is not observed for negatively 
charged AgNP, due to which the nanoparticles coalesce, resulting in the loss of LSPR. 
Charged AgNP can be utilized as charge-selective SERS substrates for ionic analytes. 
Due to Coulombic interactions between the charged AgNP and ionic fluorophores, SERS 
is only observed when the analyte and the AgNP are oppositely charged. Charged metal 
NP also display charge-selective fluorescence quenching of ionic fluorophores. Again, 
owing to Coulombic interactions, fluorescence quenching is only observed for oppositely 
charged metal NP and fluorophores. 
